Abstract
exchange) [2, 4, 5] . However, the introduction of new processes using P-selective sorbents 48 (e.g. metal oxides sorbents or metal oxide impregnated ion exchange resins) will provide 49 concentrated effluents of phosphate (e.g. from 0.1 to 2 g P-PO 4 3-/L) typically at alkaline pH 50 values (9 to 12) due to the requirements of the regeneration step using 2 to 5% NaOH filter. The total concentrations of the Ca(II) and P(V) were measured by Ion Chromatography using an Ionex Liquid Chromatography (ICS-1000). The accuracy of the measurements was 124 higher than 95%.
125
After the conclusion of the experiments, the precipitated solids of the batch reactor were 126 filtered, washed with water several times and dried at T=60°C during 24h. The samples were 127 metalized with gold and then were examined using a JEOL 3400 Field Emission Scanning
128
Electron Microscopy with Energy Dispersive System (FE-SEM-EDS). Samples were also 129 analyzed by Fourier transform infrared spectroscopy (FTIR), in the range 4000cm -1 -500cm -1 ,
130
(JASCO, FT/IR-4100). 
Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTA)
Thermogravimetric analyses were carried out in a Mettler TGA/SDTA 851e thermo balance.
141
Dried samples with an approximate mass of 8 mg were degraded between 30 and 800 °C at a 142 heating rate of 10 °C/min in N 2 (100 cm 3 /min measured in normal conditions) atmosphere.
143
The precision of reported temperatures was estimated to be ±2 °C. 
BET analysis
The specific surface area (S BET ) of the powders was measured using multipoint Brunauer-
146
Emmett-Teller (BET) method at low temperature using Micrometrics Flow Sorb II 2300. where ߩ is the theoretical density of Hap (3.167 g/cm 3 ). 
X-ray diffraction (XRD) analysis

152
The phase purity and crystallinity of the Hap powder were analyzed by X-ray diffraction with 
157 where τ (nm) is crystallite size, K is the shape factor (K = 0.9), λ is the wavelength of the X-158 ray (λ = 0,15406 nm for CuKα radiation), β is the full width at half-maximum (FWHM) (rad)
159
of the peak along (002) direction and θ is the Bragg's diffraction angle.
160
The crystallinity degree (Xc) was determined using Eq. 3:
162
The solids in powder form were identified by standard Joint Committee en Powder CaPO 4 -and CaH 2 PO 4 and it is expected the partial precipitation of Ca 3 (PO 4 ) 2(S) above pH 8.
186
The increase of pH above pH 10 favors the formation of the complex CaPO 4 -in solution.
187
The reduction of the excess of P(V) to Ca(II) for 10 mM of PO 4 3-and 1 mM of Ca(II), ( Figure   188 2b) and 20 mM of Ca(II) (Figure 2c ), is traduced in the precipitation of (Ca 5 (PO 4 ) 3 OH(s)) from pH values above 6 for a Ca/P ratio of 1.67 and above 5 for solutions with an excess of 190 Ca(II). This is also accompanied by a reduction the ‫ܪܽܥ‬ ଶ ܱܲ ସ ା and ‫ܱܲܪܽܥ‬ ସ molar fractions. 
Effect of pH in Hap precipitation
194
The influence of the pH in the precipitation of P(V) along the experiment for two experiments 195 one at constant pH at 11.5 and other with an initial pH solution at 10.5 (variable pH) as well
196
as the evolution of calcium concentration along the experiment is shown in Figures 3a and 3b .
197
The evolution of pH along the experiment, shown in Figure 3c , follows three differentiate 
209
Although potentially such phase can be formed it was not detected at the end of the 210 precipitation test and only Hap, was detected by XRD analysis.
The addition of Ca(II) is traduced into slightly decrease of P(V) concentration as it is 212 observed in Figure 2b , and an increase of the total Ca(II) concentration in solution as can be 213 seen in Figure 3a . Subsequently the pH decreased with a S-shape form due to the reduction of 214 the ‫ܱܲܪ‬ ସ ଶି concentration by formation of Hap (Figure 3c ). After this abroad change the pH of 215 the solution diminished slowly as it is reached the ‫ܪ‬ ଶ ܱܲ ସ ି / ‫ܱܲܪ‬ ସ ଶି buffer (pKa2 = 7.2).
216
During this second stage, pH decreased from 10 to 7.4 and phosphate ions P(V) were present 217 in solution mainly as CaHPO 4 (see Figure 2a ) and the precipitation of Ca-P could be 218 described by reaction Eq. 5.
The addition of Ca(II) is traduced in a small decrease of pH during the last stage indicating 
223
On the other hand, in the experiment with constant pH (11.5 ± 0.1) the phosphate profile
224
shows a continuous decrease with the addition of Ca(II) reaching a removal of phosphate 225 higher than 96% (± 2%) (Figure 3a) . At the end of the experiment the precipitated solid was 226 identified as Hap as described latter. The levels of total Ca(II) concentration in solution were 227 below of 20 mmol/L. These values were two orders of magnitude higher than those predicted 228 assuming that the system was equilibrated with Hap, which indicates that the system did not 229 reach equilibrium.
230
The evolution of phosphate ((P(V)) concentration and recovery as a function of calcium removal ratios were observed for pH 10 and 11.5 (11 and 6 %, respectively). This initial step 238 in alkaline pH conditions has been described by reaction Eq. 6 [26, 17, 24] :
Han et al. [24] identified at pH 10, the precipitation of an amorphous calcium phosphate
241
(ACP) phase at the initial reaction time and then it crystallized into Hap after 2h of reaction. 
253
At pH 8, the two stages observed were the precipitation of Hap, with a phosphate removal 254 ratio up to 20%, followed by a homogeneous nucleation stage of Hap with a phosphate 255 removal ratio up to 78%. This is in agreement with results reported in literature at pH 7.5 in 256 which Hap phase was directly observed immediately the reaction was started [26] .
Influence of initial P(V) concentration
258
The evolution of total P(V) concentration phosphate profiles for experiments carried out at 
As it could be seen in Figure 5 , for each experiment at a given concentration, the Ca ( constant, the precipitation rate equation could be simplified to Eq. 10:
and integrating Eq. 10 between a given t, with [P(V)] and time t=0 for [P(V)] 0 it could be 289 obtained:
where t is time (s), and k′ ൌ ݇ . γ ሺCa ଶା ሻ. γ ሺPO ସ ଷି ሻS ሾCa ଶା ሿ
292
The evolution of the ‫݊ܮ‬ influence on the P(V) recovery ratio as it can be seen in Figure 7a , and indicating the absence 306 of mass transfer phenomena limitations. The percentage of P(V) recovery was always above 307 95± 3 %.
308
On the other hand, the increase of Ca(II) dosing addition up to 0.3 mL/min, was traduced in 309 the increase of the phosphate removal ratio above 99% (Figure 7b ) and the phosphate 310 precipitation rate was slightly higher than for lower dossing ratios as was described shown in Figure 8 , according to the reference Hap (see Table 3 Besides, the other characteristic peaks with less intensity were of the (112) and (300) degree (from 22 to 27 nm, and from 27 to 50 %, respectively).
356
For experiments under different phosphate concentrations, the highest degree of crystallinity
357
(27%) and crystal diameter (22 nm) were obtained when the maximum initial P(V) particles, it is observed that powders prepared were mostly constituted by nanoparticles.
This enormous decrease variation of the average diameter in the aggregates and the constant value. In this case, the aggregation of Hap primary nuclei was greatly intensified during the 394 reaction, causing the poly-dispersity of Hap nanoparticles as described by Yang et al. [37] .
395
From large scale application point of view, the settling velocity was accounted by using the
396
Stokes law. This law describes the dependency of unhindered terminal particle settling 397 velocities on the basis of their diameters and densities under laminar flow condition.
398
If Hap is stimulated to precipitate, the crystal formed must reach a certain minimum size to 399 enable them to acquire enough downward velocity to naturally settle to the base of a typical 400 clarifier tank for collection. Thus, according to the Stokes law for particle settling, the average 401 settling was determined to be 0.005 m/s, this value was constant for experiments at different 402 stirring speed and also for those at initial phosphate concentration above 500 mg P-PO 4 /L.
403
In addition, Table 4 reports the specific surface area (S BET ) estimated from the specific area 
408
The specific surface area obtained for experiment at variable pH (initial pH of 11.5) was in 409 the range of 60 m 2 /g, but with at constant pH (initial pH =11.5) was incremented to 90 m 2 /g.
410
The stirring speed and calcium dosing rate (at pH 11.5) did not significantly affect the specific 411 surface area.
412
The EDS analysis indicated that the samples were predominantly composed of Ca, P and O, (Table 4) ). A constant pH of 11.5 favored a higher precipitation rate of phosphate to form Hap when 461 compared with rate obtained for pH 8, 10 and also at variable pH. However, the degree of 462 crystallinity was higher for lower pH values assessed in this study (namely, 8 and 10) .
463
Higher initial P(V) concentration lead to the formation of Hap precipitate powders with 464 higher degree of crystallinity and crystal diameter, but also lower mean particle size.
465
As Ca(II) dosing rate increased, phosphate precipitation rate was higher, also the mean size hkl (002) 2ߠ ( °) hkl (211) 2ߠ ( °) hkl (112) 2ߠ ( °) hkl (202) 2ߠ ( °) hkl (310) 2ߠ ( °) hkl (222) 2ߠ ( 
